Guanosine rich nucleic acids fold into four stranded struc tures called quadruplexes. 1 1.21 The telomeric repeats at the end of the chromosomes, have generated much interest. In humans, they are composed of the hexameric GGGTIA repeat with the 3' ends consisting of a 100 to 200 nucleotide single stranded overhang.!'1 As a result of their potential to switch between folded and unfolded state, the formation of quadruplex structures is suspected to play important roles in telomere maintenance and cell cycle control. 14 . 51 In contrast to duplex structures, quadruplexes show a high degree of polymorphism with respect to topological features, such as the orientation of individual strands and the connectivity of the loops. For example, the human telomeric repeat is known to adopt drastically different conformations depending on parameters such as the type of monovalent ions coordinated by the quadruplex and the slight changes in the nucleotide seq uence. 1 6 81 NMR spectroscopic and crystallographic studies have delivered impressive high resolution structures of human telomeric quadruplexes. Biophysical studies indicate similar stabilities of these structures and provide increasing evidence of the co existence of some of these folds under physiological conditions. Unfortunately, the high resolution methods are not able to decipher the exact nature of these structures under near physi. ological conditions since these techniques require the presence of single species. Biophysical methods such as circular dichroism (CD) spectroscopy are very informative but the results tend to be over interpreted l91 and have produced controversial results recently as discussed below. Herein, we investigate quadruplex conformations under near physiological conditions utilizing double nitroxide modified telomeric sequences in combination with a two frequency pulsed electron paramagnetic resonance (EPR) method (Figure 1 a) . Double electron electron resonance (DEER or PELDOR) spectroscopy is ideally suited to distinguish between the different conformations since it allows distance
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Several approaches were used to incorporate spin labels into DNA or RNA sequences. ' Figure 1 a because measurements of the distance between these positions allows the different quadruplexes to be discriminated (for a comparison of predicted distances in all iterations of deoxythymidine positions see Supporting Information). CD spectroscopy was used to compare spin labeled with unmodified sequences both in Na+ and K+ ion solutions. Importantly, identical spectra were obtained for the labeled and unlabeled oligonucleotides, showing that the incorporation of the TEMPA groups did not change the quadruplex topologies (see Supporting Information Fig  ureSl) .
For DEER experiments, the DNA samples (50 f.tM oligo nucleotide concentration) were annealed in Na+ or K+ solution. After shock freezing in liquid nitrogen to trap the annealed conformations they were measured at 45 K (for details see Supporting Information). Data were analyzed using DeerAnalysis2008. '44] Model free analysis revealed that the spin label distance distributions can be characterized well by one or two Gaussian curves. Tikhonov regularization (see Supporting Information, Figure S4 ) as well as considering the root mean square (RMS) deviation of the Gaussian models enabled us to unambiguously distinguish whether one or two conformations are present. The presence of two conforma tions in K+ ion also agrees with the findings frequently reported. 18 . IS 32] The width of the distribution (half width at half maximum ~ 1 nm) is caused by the fl exibility of the spin labeled trinucleotide loops. The resulting distances discussed below correspond to the center of the Gaussian curves. The nitro xide labeled structures were modeled by energy minimizing in explicit solvents using specialized force field parameters for the label based on the AMBER force field. The distances derived from this modeling procedure are similar to the distances shown in Figure l . However, molecular dynamics studies (carried out with spin labeled quadruplexes ) indicate that the resulting distances of the minimized structures are not representative for the thermodynamic ensemble of the highly flexible loops. Therefore the distances used f or assign ment were derived from the 5 methyl carbon atoms of the marked positions in the nucleotide (positions 5 and 11) taken from the protein data bank (PDB) . Intermolecular quadru plex formation was excluded by measuring distances in single labeled sequences. These single labeled sequences were also used to assess the local mobility of the spin labels, which again indicated the high flexibility of the trinucleotide loops (see Supporting Information).
It is generally accepted that in Na+ ion containing solutions the antiparallel basket form (Figure 1 b) is the only conformation. IJO ] In accordance with the distance (2.9 nm) between the spin labels as determined from the PDB coordinates, we found exclusively a single speci es with a distance of (3.0 ± 0.1) nm by DEER, agreeing with the expectation of solely the basket conformation present (Fig  ure 2a and b) . In contrast, in K+ ion solution we found a we measured a distance of (2.6 ± O.1) nm (see Supporting Information, Figure S3 ), a value in between those of the parallel propeller and the anti parallel basket, consolidating the observation for the propelle r and basket forms in K + solution for the sequence A(GGGTIA)]GGG.
In conclusion, we have introduce d EPR dista nce measure m e nts for the investigation of highly polymorphic DNA quadruplex es. In contrast to fr equent hypotheses we find a 1:1 distribution of both the all parallel propeller and the all anti parallel basket form for the te lomeric repeat investigated. Nevertheless, we cannot rule out the significance of the 3+1 hybrid form since it has been shown that its presence is favored in sequences bearing a dditional nucleotides flanking the core sequt;nce necessary for quadruplex formation . In this respect, the presented method should prove valuable for the observation of quadruplexes in much longer sequence con t exts as well as in ensembles containing othe r molecules. Since the observation of a given quadruplex in presence of excess nucleic acids, proteins, or small molecules is often trouble some using methods such as CD spectroscopy, the utilization of pulsed EPR methods should prove especially useful for addressing structural features in more complex systems.
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